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Increasing renewable penetration on islanded networks through Active Network Management: a case study from Shetland 
Introduction
The challenges of operating a power system with large penetrations of intermittent and uncertain wind generation are well documented in the literature [1] [2] [3] .These difficulties include the additional variation imposed on conventional generation by intermittency and uncertainty in wind, management of system frequency and network constraints due to the increased need to connect generation at distribution level. These issues are particularly acute in islanded power systems.
The UK has seen a number of important projects over the past five years dealing with the challenges that distributed renewable generation brings. Many of these are funded by the Low Carbon Network The Northern Isles New Energy Solutions (NINES) project on Shetland seeks to extend the ANM principle and apply it to the management of a small islanded distribution network [9] [10] [11] . Wind generation on Shetland has been limited to less than 4MW despite a demand range of 11MW 45.5MW and a very good wind resource (the main wind farm on Shetland claims a capacity factor of up to 0.52 [12] ). Shetland is not connected to the wider UK electricity network and operates as an electrically islanded system. It suffers many of the operational issues associated with small power systems including low system inertia that can potentially lead to frequency instability if not managed effectively [13] . The 4MW limit on wind generation is in place to ensure that under all standard operating conditions the system can manage the loss of all wind generation without frequency breaching allowed limits. The NINES project aims to S I generation by using ANM 4 to increase and control wind generation capacity.
The NINES project also involves the connection of flexible domestic demand in the form of electric storage heaters and electric hot water heating with hot-water tanks. This Domestic Demand Side Management (DDSM) provides flexibility in the timing of electric energy delivery to the devices. The storage and immersion heaters have the ability to operate as Frequency Response Demand (FRD) which can further reduce curtailment by supporting the system during frequency deviations. NINES will include other flexible technologies including battery-based energy storage and other forms of demand management. Under NINES, the ANM concept is extended to include a day-ahead scheduling module that uses forecasts of wind generation and demand for the coming day to produce and implement schedules for flexible technologies that attempt to minimise fossil fuel generation by reducing curtailment of non-firm wind and minimise system losses.
The NINES project involves a range of innovations relevant to operating power systems with high penetrations of wind. Two notable innovations are the development and use of an envelope of stability for wind generation and the use of Dynamic Optimal Power Flow (DOPF) to schedule flexible technologies. The envelope of stable wind generation is formed by the intersection of multiple linearised stability constraints which are functions of system demand. The frequency stability limit, which forms part of the envelope, requires detailed dynamic modelling of the power system. DOPF is an extension of Optimal Power Flow to cover multiple time-steps and produces a method of scheduling intertemporal flexibility such as that provided by flexible demand whilst taking full account of AC power flow limits and effects [14] .
This paper provides a detailed overview of the modelling used in the development of the NINES project leading to deployment starting in 2013. It concentrates on the use of NF wind generation controlled by ANM and the use of DDSM. Other aspects of NINES such as the use of battery based energy storage are left for future work. Section 2 describes the general issues of stability in small power systems leading to a generic definition of the envelope of stable wind generation. Section 3 provides the details of the NINES study including the cases modelled in this paper. It describes the modelling carried out to specify the stability limits forming the stability envelope. Section 4 describes the DOPF scheduling methodology. Section 5 presents results showing the effect of non-firm wind capacity and flexible DDSM on fossil fuel generation, wind generation and system losses. Section 6 discusses the ability of DDSM to operate as FRD and presents results showing the additional effect FRD has on the system. S of NF wind generation, and reduction in fossil fuel generation in each case.
Small power systems suffer significant operational stability issues [13, 15] . They are vulnerable to large fluctuations in frequency created by small power imbalances and tend to have a relatively small number of generation units online. As such the System Operator has a small number of available options for the provision of ancillary services such as spinning-reserve, whilst the need for those services at short notice is great. Maintaining stability is made more difficult by intermittent and uncertain wind generators; during normal operation they can add significantly to fluctuations in energy balance, and during transient faults wind turbines designed to operate as DG are likely to disconnect entirely. These issues are acute on Shetland, which must be operated in line with the requirements for UK distribution networks. The System Operator for Shetland has identified three related stability issues which are common to small islanded power systems: frequency stability;
spinning reserve stability; and operational stability.
Frequency stability is defined as the ability of the system to respond in order to maintain frequency within a pre-defined limit during particular events. The definition of which events to secure against will vary between systems. Under the NINES project it is a requirement that frequency stability is maintained in the event of the instantaneous loss of all wind generation. This is a feasible event as the network is electrically small; a fault can affect a significant portion of the network for example by disconnecting breakers in the event of a short circuit. The connection arrangements of distributed wind generators in the UK are set by the G59 standard [16] and will be such that those generators are likely to disconnect in the event of extended voltage excursions. Whilst modern wind turbines have the ability to provide enhanced fault-ride through capabilities, these are not enforced on UK distribution networks.
Frequency stability depends on the inertia of the power system at the time of the event and the ability of the remaining generators to provide primary response through a fast increase in generation. The system will be more secure when more fossil-fuel units are online frequency stability therefore tends to increases with system demand.
Spinning-reserve is closely related to frequency response. For a given dispatch of generation it refers to the headroom available from conventional generators currently online. Providing spinning reserve stability in the event of the loss of all wind generation means limiting wind generation to the current headroom at conventional plant. For a given dispatch of conventional generation, an increase in demand leads to a reduction in headroom and therefore a reduced limit on wind generation. Spinning reserve stability can be maintained through a combination of wind curtailment and the dispatch policy for conventional generators; for example bringing additional units online instead of curtailing wind generation.
Operational stability refers to the operation of conventional generation and any heuristic operating rules used by the system operator and developed through operational experience. In the case of NINES, operational stability relates to the Minimum Stable Generation (MSG) levels of conventional units. Where conventional units are required to provide frequency and spinning reserve stability, additional wind generation can only be accommodated by reducing the output from conventional units currently online. The minimum level at which they can be operated therefore sets a limit on wind generation. In analysis of the effect of wind on power systems, MSG has been shown to be critical [17] .
These three concerns: frequency, spinning-reserve and operation stability together combine to define an envelope of stable operation which is illustrated in Figure 1 [18] . Stable operation of the network can be achieved in two ways: either by limiting the wind generation capacity to the maximum acceptable wind generation output during the minimum system demand, or connecting a greater capacity of wind and managing the output of that capacity, along with other network components, in real time to maintain generation within the envelope. The NINES project also provides the opportunity to use DDSM to support system stability. The technology deployed can achieve this in two ways: through flexibility in the timing of demand and through the provision of frequency response to support frequency stability. Load shedding has traditionally been used to maintain frequency stability, particularly on islanded network, through Rate of Change of Frequency and underfrequency load shedding arrangements [19] . More recently, a number of studies have proposed that flexible demand can be used to manage stability in a more controlled way [20] [21] [22] . The use of DDSM to manage system stability in NINES is discussed in more detail in sections 4 and 6.
Shetland Case Study
Shetland consists of 16 inhabited islands 100 miles north of the UK mainland with a population of approximately 22,000. Figure 2 shows (a) the geographical layout of Shetland and (b) the load duration curve of the electricity network. Currently electricity is generated at three main sites: Lerwick Power Station (LPS), Sullom Voe Terminal (SVT) and Burradale wind farm as well as a number of small community and micro generation sites.
There are a number of significant changes that will take place to the Shetland power system over the coming few years. Foremost, LPS is due to be replaced in the next few years. There are a range of possible solutions to the challenge of repowering the Shetland electricity system, this paper concentrates on one which involves a new LPS with dual fuel reciprocating engines of approximately 9MW, burning either diesel or gas [23] . The replacement will be located close to the current LPS site and will be sufficiently sized to meet expected operational requirements. The development of NINES means that several new wind farm projects are expected to connect over the next few years, with a number currently applying for a non-firm network connection. The future status of generation from SVT is uncertain, and in this paper neither generation nor demand from SVT are included. Table 1 summarises the case study set-up. An estimate of the potential non-firm capacity that maybe economically viable is made for each case using the assumption that generation achieving a capacity factor (CF) of 0.25 or higher will be viable; this limit is slightly lower than that of the entire UK wind fleet [26] . It should be noted that the assumption of fully correlated wind represents a worst-case scenario in terms of the expected levels of curtailment.
This method will assume that all wind farms are operating close to full output at the same time. The actual level of correlation between wind farms will depend on their geographical separation, and the relatively small size of the Shetland network means that wind farms are likely to locate in close proximity. Table 2 ) -Connect under LIFO principles-of-access SVT -Islanded; does not contribute demand or generation. DDSM capacity -Scenarios with 0, 250 and 1750 houses converted to DDSM located across Shetland (see Table 2 ) DDSM demand -Estimated by detailed thermodynamic modelling of Shetland housing stock [27] . Fixed demand -Historic generation for the years 2010 and 2011 -For scenarios including DDSM, fixed demand is scaled down for each day so that total energy demand (fixed and flexible) remains the same.
An overview of the Shetland 33kV Power network including the location of primary substations, generation and DDSM components is shown in Figure 3 and the distribution of (a) DDSM enabled houses and (b) wind generation is given in Table 2 . The generic envelope of stable wind generation, illustrated in Figure 1 , is defined specifically for the Shetland system modelled. Only two of the three limits are required for this case:
a. Operational Stability: defined by dispatching the number of LPS units based on a fixed security constraints and then applying a limit based on the MSG of these units.
b. Frequency stability: defined through detailed dynamic simulation of the power system and the requirement that nominal frequency limits of +/-2% are maintained under the instantaneous loss of all wind generation.
The spinning-reserve limit is not required in this case as the dispatch of LPS units to maintain security ensures that, for all demand levels, there is sufficient spinning reserve to cover all wind generation.
A requirement of the software deployed in NINES is that the stability rules are defined in a linear form;
defining the stability envelope therefore requires calculating appropriate parameters for each of the linear stability rules. Finally to operate the NINES ANM scheme, it must be possible to measure directly the variables which form the stability rules. System demand cannot be measured directly in real time and instead the total generation is used as a proxy for system demand. Total generation includes the output of LPS existing wind and NF wind.
The Domestic Demand Side Management system
Shetland does not have access to mains gas, and as such relies heavily on electric heating. A large number of domestic properties currently have heat provided by electric storage heaters and immersion heaters controlled via a basic teleswitching scheme which attempts to spread the load from these heaters across the day. The controllability provided is limited to sent at the same time of day throughout the year. This is not appropriate for the NINES objective of supporting wind generation where the timing of available generation and expected curtailment will be different each day. The DDSM project aims to replace teleswitched storage and immersion heaters (and other forms of domestic heat provision such as solid fuels) with modern, highly insulated and controllable storage heaters and hot-water storage tanks with smart immersion elements. The initial roll out of smart heating systems in Shetland uses a variation of the Dimplex Quantum system [28] . These S Q modern storage and immersion heaters which provide significantly improved level of controllability including the ability to respond to external signals sent from the ANM controller or other smart metering and communications systems. Storage heaters have significantly greater levels of insulation to reduce leakage losses;
similarly the large, high temperature, high insulation hot-water tanks increase flexibility and reduce losses.
The modelling of DDSM presented in this paper accurately represents the roll-out of the technology to date on Shetland and plans for expansion of the scheme. Houses are retrofitted with smart electric storage heaters and smart immersion heaters with large, highly insulated water tanks.
Houses will be allocated to groups, which are modelled here on a locational basis, with a group linked to a particularly electricity system bus. The centralised ANM system creates a forecast for underlying heat demand profile for each group for the coming 24 hours and represents the draw of heat out of the heaters into the house. This is based on forecasts of weather (temperature, wind, and solar irradiance), knowledge of the housing stock in each group that is the number of houses of each type and size, and assumptions about occupancy patterns. This forecast for a heat demand profiles included leakage losses will be combined with measurements of the current State of Charge (SOC) of devices within each group to form the inputs to the Dynamic Optimal Power Flow.
To model the underlying heat demand profiles, this paper uses detailed finite-volume based thermodynamic modelling of both the heaters and the house. Space heating is modelled using ESP-r 
Defining the Operational Stability Limit in the Case Study
The MSG of each reciprocating engine is assumed to be 20% of rated capacity giving 1.8MW for each 9MW unit. LPS units are dispatched according to an n-1 contingency so that there is sufficient reserve available in the event that any 1 unit trips off. Mathematically for a given level of total generation, the number of units dispatched, , is:
where is the total system generation and means to take the integer part of . Wind generation does not affect the number of units online, instead conventional units are backed-off towards their MSG. This sets a limit on wind generation of:
This is a stepped function of demand with a discontinuity every 9MW and is shown in Figure 5 (a). This rule is linearised to ensure that the applied limit is less than (2) at all points:
By dispatching conventional units in this way, there is always sufficient spinning reserve online to cover the loss of all wind generation. 
Defining the Frequency Stability limit in the Case study
Defining frequency stability requires establishing the maximum loss of generation that maintains frequency within the nominal +/-2% for a given set of conditions. This sets the maximum wind generation for those conditions. Power system dynamic modelling is carried out using the industry standard PSS/E modelling package [31] Wind generation, with capacity and locations as listed in Table 2 (b), is modelled using generic PSS/E wind turbine models. Dynamic simulations are used to find the maximum frequency deviation for a given loss of generation at a particular demand level assuming the LPS units are dispatched according to (1) . A simulation consists of the following process for each specific demand and wind capacity: 4. Track system frequency over the following 13.5 seconds.
Identifying the minimum frequency
If the minimum system frequency is greater than 49Hz, the level of wind capacity is increased whilst demand is kept constant and the simulation is repeated. This process is itself repeated until the wind generation leading to a 2% drop in system frequency is identified. Figure 6 shows the response of the system to the loss of wind generation for the situation with total generation at 20 MW and 4 LPS units online. At this demand level the maximum wind acceptable (including both firm and non-firm) within the frequency constraints is 14.9MW.
Simulations are run with demand varied between 9MW and 50MW.The most important factor in determining frequency stability is the number of LPS units online as these provide the majority of system inertia and are the only source of primary frequency response. The actual stability limit is therefore a stepped function as illustrated in Figure 5 (b) and the linearised rule used to construct the wind stability envelop is defined to fall below the stepped function at all instances. The stability rule is as follows:
The section of the stability envelope defined by (3) and (4) is show in Figure 5 (c)
Figure 6: System frequency response with three wind penetrations and a total demand of 29MW. Results show that 14.9MW of wind generation is acceptable at this demand level

Dynamic Optimal Power Flow scheduling
The scheduling engine for the ANM scheme makes use of forecasts of wind generation, fixed demand and flexible demand for the coming 24 hours. It is run each day to produce a schedule for DDSM which ensures that the initial and final State Of Charge (SOC) of the energy storage component of DDSM are the same, therefore delivering each day the energy used during that day, but providing flexibly over the timing of delivery.
In these studies a perfect foresight forecast is used in which it is assumed that wind generation and demand are perfectly predicted. Whilst this is not possible for real-time operation it provides two useful results: firstly it gives the maximum performance of the system; secondly it allows benchmarking of real forecasts. The effect of errors in forecasts is discussed in section 7.
The model used to produce schedules for the ANM and DDSM schemes is based on a Dynamic Optimal Power Flow (DOPF) technique described in detail in [14] . DOPF extends Optimal Power Flow in the time domain linking a model of the power system at each time-step across a day with intertemporal flexibility, in this case provided by DDSM.
Formulation of DOPF model for Shetland
The objective of the optimisation is to minimise conventional generation and smooth the profile required from LPS. This is achieved using a quadratic objective function, f [14] :
where is the power output of LPS during time-step t and the day is divided into 96 time-steps.
The LIFO priority order enforced by applying a small perturbation to the objective which adds a small cost associated with non-firm wind generation, and that cost is a linear function of the priority number, p [14] :
Here is the number of non-firm generators and k is a constant whose value is chosen so that the second term is larger than the tolerance of the optimisation algorithm, but significantly smaller than the main term. This leads to a dispatch of wind according to LIFO principles of access without disrupting the main objective.
The DOPF includes a full AC-network model for each time-step which comprises of voltage limits, power flow limits, and minimum and maximum generator limits (see [14] for a full OPF formulation).
In addition, intertemporal constraints are used to model demand flexibility at each DDSM group. The
State of Charge (SOC) of a group is an intertemporal variable defined as the fraction of total energy storage capacity currently used. The SOC at time t is a function of the initial state of charge and the sum of the charging profile and heat demand profiles during all time-steps up to the current t:
Where is the length of a time-step, is the total energy storage capacity of the DDSM group, is the electrical charging power of the DDSM and is the underlying demand for heat, that is the draw of energy out of the thermal store.
The SOC of a group is constrained by the following:
where is the final time-step of the optimisation and is the total rated electrical power capacity of devices within the group; (9) Maintains the SOC within limits during each time-step; (10) sets the initial and final SOC equal; and (11) ensures that the rate of chare is within limits.
Finally, network stability rules based on (3) and (4) are applied:
Where is the total generation (wind and conventional) on the system, and is the total wind generation (firm and non-firm).
Results
This section provides the results of applying the DOPF scheduling model, including the stability rules.
Full numerical results are provided in the appendix.
Case I existing wind only
The business-as-usual case assumes no demand flexibility, 4MW of firmly connected wind capacity with the remaining energy demand met by LPS. Over the two year period, total demand is 440.7GWh, and total generation is 444.9GWh with electrical losses accounting for 4.20GWh or 0.94% of generation. LPS generates 412.8GWh and firm wind 32.1GWh at an average capacity factor of 0.458.
This represents expected results if the Shetland power system, under the assumptions proposed in this paper, were operated with no additional wind generation capacity and no ANM scheme. The following cases are compared against this base line.
Case II new wind only
The addition of ANM allows NF wind to connect subject to curtailment. Studies are run for NF wind capacity ranging from 1MW to 20MW at the locations given in Table 2 Case II is shown in Figure 7 (a). At low NF capacities, the MCF is close to the uncurtailed CF of 0.458.
Curtailment is applied to this high-priority capacity only occasionally during periods of exceptional low demand which coincide with high wind generation. With more than 7MW of NF capacity installed, the MCF falls as more curtailment is applied to lower priority generators. The 20 th MW of NF wind capacity achieves a MCF of just 0.124. In section 3 an estimate of economic viability was discussed which assumes that each unit of installed capacity must be able to achieve a CF in excess of 0.25. 
Case III 250 flexible DDSM houses
Case III represents the current expected roll out of DDSM on Shetland and assumes that DDSM is operated in flexible mode, without frequency response. The addition of 250 DDSM enabled houses allows the timing of approximately 1.5% of total electrical demand to be flexed within each day.
Results (given in the appendix) show that for a given NF generation capacity, wind generation increases compared with Case II. For example with 15MW of NF wind capacity, wind generation increases by 0.79GWh or close to 1%. However, LPS output drops by 0.83GWh with the difference between these figures being due to the decrease in electrical losses. As well as reducing curtailment of NF wind, DDSM is scheduled at times of low load on the distribution network, therefore reducing total losses. On average, each DDSM enabled house therefore produces a reduction in conventional output of 3.31MWh/year. Figure 8 gives an example of the output of the DOPF for two days. Firstly a winter day with low curtailment and high flexible energy demand. In this case DDSM demand cannot be met solely by reducing curtailment, instead remaining DDSM energy delivery is scheduled outside of peak hours therefore smoothing the demand curve and minimising electrical losses. In the second case, Figure 8 (b) there is excess curtailment, and delivery of DDSM energy is entirely scheduled in periods when excess wind generation can be used. During the winter day, the higher level of demand means that a greater capacity of energy storage is utilised with SOC varying from 1 (fully charge) to 0.22; this compares with a much small range of SOC used during the summer day from 0.63 to 0.29. The initial level of curtailment is significantly higher during summer months. Whilst summer is less windy that winter, the lower electrical demand levels means there is greater curtailment. This graph, when compared with Figure 4 shows that curtailment and flexible demand are inversely correlated:
when curtailment levels are high, flexible demand is low. 
Frequency responsive demand
The studies carried out in sections 5.1 -5.4 allow the scheduling algorithm to choose the timing of demand flexibility so as to maximise wind generation. DDSM can also act in frequency responsive mode. To support the system, DDSM devices are capable of monitoring system frequency and responding to deviations away from 50Hz. Of importance in this paper is the ability of DDSM to reduce demand as frequency drops. This section describes the frequency responsive capability of DDSM, identifies its ability to relax the frequency stability limit, and shows the further decrease possible in conventional generation.
Dynamic Modelling of the Shetland system with frequency responsive DDSM
The frequency responsive characteristics of DDSM are set using a deadband and ramp rate as shown in Figure 10 . The deadband is set to +/-0.5Hz and outside the deadband the ramp rate reduces demand to zero at 49Hz. The reduction in load below 49.5Hz will support system frequency in the event of a loss of wind generation and therefore raise the frequency limit on wind generation for a given total demand level. Additional dynamic studies of the Shetland network incorporating FRD are carried out in PSS/E to identify the increase in wind generation acceptable for a given demand level. The following methodology is used:
1. For a given demand level and LPS dispatch, set wind capacity to the maximum stable wind generation calculated from simulations in Section 3.2.
2. Substitute 1.89MW (equal to the DDSM capacity of 250 houses) of existing demand for FRD.
3. Model the frequency response of the FRD according to the profile in Figure 10 .
4. Run dynamic simulation with all wind instantaneously disconnected at t=1.5 seconds and track system frequency.
5. Identify the minimum frequency.
Steps 4 5 are repeated with increasing wind capacity to identify the maximum wind generation which maintains frequency limits with the support of FRD.
The process is then repeated for FRD capacities up to 12.5MW which represents the total capacity of 1750 DDSM houses. Results are plotted in Figure 11 
Where, as before, is the total system generation and is used as a proxy for total system demand.
(a) When DDSM is operated in FRD mode, the DOPF algorithm schedules demand to be available for frequency response. However, the frequency of faults leading to the need to activate the DDSM frequency response occur on the order of a few times a year. The dynamic studies, for example those shown in Figure 6 show that the frequency is stabilised within a few seconds allowing the DDSM devices to return to their scheduled demand level within a short time. In FRD mode, DDSM is therefore scheduled according to a different pattern than when simply providing flexibility in order to be availability to respond, but it will only be actively deviating from its profile for a few tens of seconds per year. Providing the frequency response therefore does not significantly interfere with the load balancing defined in its schedule.
Discussion
The introduction of ANM allows a significant increase in installed wind capacity in the Shetland case study beyond the existing 4MW of firm wind capacity. With ANM in place, the limiting factor will be the economic viability of the projects and results suggest that this will be approximately 13.9MW.
Beyond this, the introduction of DDSM has the potential to provide a further increase in generation from that capacity through management of curtailment, and therefore further I reliance on fossil fuel generation. In effect, DDSM ensures more efficient use of NF wind capacity. As well as increasing generation from a particular capacity of wind, DDSM has the potential to raise the capacity that is likely to be economically viable. Figure 12 shows the MCF curves for cases II V and the estimated limit on viability. The use of DDSM can therefore reduce reliance on fossil fuel generation through three effects:
increased viable NF capacity; increased generation from that NF capacity; and reduced electrical losses. A final study is run for each case with NF wind capacity set to the viable limit identified from
Figure 12. Table 3 shows these results which represent the viable mix of renewable and conventional generation for each case and provide a single point of comparison for each case. The savings discussed here represent the maximum effect of DDSM, and as noted earlier make use of the assumption of perfect foresight. In reality, schedules based on day-ahead forecasts of wind generation and demand will not achieve this optimal level. Work carried out by the Authors as part of [18] suggests that errors in wind forecasting for the Shetland system could reduce the effectiveness of scheduling by approximately 35%. However, this should be placed against the likelihood that as the NINES system develops further, more sophisticated control and scheduling algorithms will be put in place. For example, it is likely that the simple day-ahead forecasting currently being implemented, will be replaced by systems which update schedules on a rolling base as more accurate forecasts, nearer to real-time, become available. The modelling work presented here has informed the design and initial deployment of the NINES project on Shetland. Once in place, detailed monitoring of the operation of ANM will include high resolution measurements of wind generation output and the response of DDSM to scheduling. This is of particular importance as it will allow the impact of the assumptions used in this work to be tested including the assumption of fully correlated output of wind turbines; perfect foresight of wind generation and demand over 24 hour time horizons; and assumptions about how customers respond to DDSM controlled heating. Each of these assumptions represents a simplification of how the real system will operate that the authors judge to be suitable for the study presented and in line with other work in this field. The NINES project, once sufficient operational data has been collected, will therefore provide a useful opportunity to validate these assumptions or identify areas where greater sophistication is required.
Conclusions
The NINES project represents a state-of-the-art deployment of smart grid technologies on Shetland, particularly through its roll in combining technologies to meet one of the key aims of smart grid: the move towards a distributed, renewable power system. Deployment of the NINES system has involved the development of two novel modelling techniques: the definition of a stable envelope of wind generation and the use of Dynamic Optimal Power Flow. This paper has described these and presented their application in a particular case study of the Shetland power system. It has shown that the current 4MW of wind capacity connected on Shetland has the potential, through the use of ANM, rise to 13.9MW. This increases to 14.6MW with management of flexible domestic demand and to 16.1MW with frequency responsive domestic demand. In energy terms, this corresponds to a reduction in reliance of fossil fuel generation of 100.4 GWh with ANM alone; up to an additional 6.5GWh from flexible domestic demand or 16.6GWh with frequency responsive domestic demand.
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